. AFM nanoindentation on empty and loaded PC. (Top) Comparison of three typical nanoindenation curves for an empty PC (black), EGFP-PC (green) and CelB-PC (red).
We observed a non-linear regime before particle breakage (arrows) The graph shows the values for an unpressurized empty EX (black line) and an EX (red) with an internal pressure of 2.6 MPa. The inset shows the model used for simulations, where EX is shown as a 6.6-nm-thick spherical shell with an external radius R = 32.4 nm, indented on a hard substrate by a spherical tip with a radius R in = 15 nm. The Young modulus of the capsid was E = 178 MPa, chosen to yield the same spring constant value as in experiments for empty EX. . AFM indentations of CelB-and EGFP-EX in different buffers. We tested the effect of electrostatic interactions on cargo-loaded EX rigidity at low ionic strength (50 mM phosphate, 25 mM NaCl, pH 7) or in the presence of spermidine (100 mM phosphate, 50 mM NaCl, 1 mM spermidine, pH 7) compared to standard conditions (100 mM phosphate, 50 mM NaCl, pH 7). EGFP-and CelB-EX were tested similarly; each sample was incubated in standard buffer and its elastic constant measured by AFM, followed by buffer exchange first to lower ionic strength and then to spermidine buffer. No significant differences were found (Table S3) basically, net surface charge is calculated by adding the charges of the inner surface-exposed positive (Lys, Arg, His) and negative (Glu, Asp) residues.
c Volume when a perfect sphere is assumed, PC inner radius = 223 Å (outer radius = 298 Å).
d Volume when a perfect sphere is assumed, EX inner radius = 258 Å (outer radius = 324 Å). CelB-PC and EGFP-PC, respectively. The effective Young's modulus for the cargo is thus nearly 10 times smaller for CelB and 7 times smaller for EGFP than that of the PC shell.
The empty EX was modeled as a thick spherical shell with an external radius R = 32.4 nm and thickness h = 6.6 nm ( Figure S2B , inset). Finite elements simulations were used to corroborate pressure estimates based on the Vela formula. Indentation curves for the model EX capsid with a R in =15 nm tip and a Young modulus value E = 0.178 ± 0.009 GPa, chosen to reproduce the experimental spring constant value of empty EX (0.21 ± 0.01 N/m), are shown in Figure S2B . The indentation curve when EX internal pressure is 2.6 MPa, which yields a spring constant k = 0.27 N/m, is identical to the experimental value measured for the cargo-loaded EX. The estimated pressure in finite element simulations is thus 2.6 ± 1.1 MPa, compatible with the value obtained from the Vela formula (Eq. 1, main text). 1
Electrostatic contributions to osmotic pressure in EX
The cargo can be considered a solution of N effective charged spheres in an electrolyte with a Debye length given by the salt concentration of the buffer (100 mM phosphate, 50 mM NaCl, yielding  -1 = 0.796 nm). Electrostatic repulsion between the cargo molecules is screened by the buffer salt and is described using the electrostatic repulsion part of the DLVO potential between two charged spheres; this allows calculation of the second virial coefficient B 2 , which quantifies the leading electrostatic contribution to the osmotic pressure. In the simplest approximation of treating the cargo as point charges, 2
Where  is solvent ionic strength and z is the charge of cargo molecules, in elementary charge units. The resulting contribution to the osmotic pressure is
For CelB, with an estimated charge of 9 electrons (Z = -9; Table S2 ) per tetramer (which includes the SP charge),
For EGFP, with an estimated positive charge of 7 (Table S2) ,
In both cases, this contribution is negligibly small and cannot explain the large pressure values derived in the nanoindentation experiments.
The electrostatic contribution to the osmotic pressure can also be estimated through the Donnan equilibrium, by which the chemical equilibrium between the capsid interior and exterior, with a fixed charge that cannot escape from the capsid, leads to a higher interior counterion concentration that is responsible for the osmotic pressure. The osmotic pressure here can be evaluated as described, 3 to yield
where n 0 is net charge density of the cargo and n b is bulk salt density (~150 mM here). The interior charge density can be estimated as , where we subtract the volume
occupied by the cargo. For CelB with z = -9 per tetramer:
For EGFP with z = 7 per molecule:
In this case, the electrostatic contribution is thus also negligibly small.
To summarize, the osmotic pressure is dominated by packing effects, since the electrostatic contribution is negligible. This was confirmed by AFM nanoindentations, which showed no change in the elastic constants, independently of the presence of spermidine (which further screens electrostatic interactions) or when ionic strength was reduced. 70-74 (2003) .
